Manipulating an incorporated scaffold to direct cell behaviors play a key role in tissue engineering. In this study, we developed novel nano-topographic oxidized silicon nanosponges capable of being modified with various chemicals of a few nm in thickness to gain further insight into the fundamental biology of cell-environment interactions in vitro. A wet etching technique was applied to fabricate the silicon nanosponges in a high-throughput manner and was followed by vapor deposition of various organo-silane chemicals to enable self-assembly on the surfaces of the silicon nanosponges. When Chinese hamster ovary cells were cultured on these chemically modified nano-topographic structures, they displayed distinct morphogenesis, adherent responses, and biochemical properties in comparison with those of their planar oxidized silicon counterparts. There were predominant nano-actin punches and slender protrusions formed while cells were cultured on the nano-topographic structures, indicating that cell behaviors can be influenced by the physical characteristic derived from nano-topography, in addition to the hydrophobicity of contact surfaces. This study demonstrates potential applications of these nanotopographic biomaterials for controlling cell development in tissue engineering as well as in basic cell biology research.
Introduction
Cell to cell and cell to extracellular matrix (ECM) contacts are necessary for the in vivo formation of tissues and organs. Several molecular mechanisms by which cells perceive and respond to their surrounding environments have been studied, including integrin-ligand interactions (Chou et al., 1995; Neff et al., 1998; Keselowsky et al., 2004; Romanova et al., 2006; Pesen and Haviland, 2009) , contact surface hydrophobicity (Van der Valk et al., 1983; Webb et al., 1998; Arima and Iwata, 2007) and ECM topography and architecture (Lee et al., 2002; Andersson et al., 2003; Dalby et al., 2003; Dalby et al., 2005; Sapelkin et al., 2006; Choi et al., 2007; Low et al., 2009; Qi et al., 2009) . In particular, cell adhesion to the ECMs through integrin receptors has been reported to play a central role in numerous physiological and pathological processes. Given the importance of cell adhesive surfaces in bioengineering and biotechnology, the development of in vivo biomimetic scaffold materials suitable for enabling cell attachment and for supporting a desirable architecture has been widely studied (Langer and Vacanti, 1993; Singhvi et al., 1994) . In fact, several inter-disciplinary collaborations between engineering and life sciences researchers have aimed at developing a biologically compatible scaffold. Typically, these scaffolding materials are comprised of biological and synthetic components that have been shown to enable modulating cellular responses in vitro. Accordingly, the in vitro control of the cellular environment is a major challenge for manipulating both cell development and scaffold substitute function in the field of bioengineering. However, the majority of in vitro studies in this field have utilized plastic or glass surfaces during cell culture, whose topographies are not found in nature. Noticeably, three-dimensional environments providing a surrounding support for cells in vivo had been shown critical for various physiological and pathological processes in numerous studies (Friedl et al., 1998; EvenRam and Yamada, 2005) . Therefore, such differences existed in natural and experimental surface characteristics may confer, at least in part, some of the discrepancies reported between in vivo and in vitro results (Marks, 2005) .
To resolve the discrepancies between in vivo and in vitro experiments, several approaches have been used to generate biomimetic in vitro environments. Those studies can be divided into the examination of cell interaction either with the substrate's topography (physical domain) or with the substrate's chemical nature (chemical domain) . Cell adhesion on silicon surfaces capacity to affect the action potential of neurons (Romanova et al., 2006) . Moreover, addition of various chemicals or proteins on selected areas also demonstrated that cell adhesion could be synergistically attributed by specific substrates and surface topographies (Neff et al., 1998; Pesen and Haviland, 2009) . Concurrent with the above, studies on engineered fibronectin (FN) adsorption or conformation exhibited that either of which could regulate cell adhesion and gene expression independently and dependently (Chou et al., 1995; Keselowsky et al., 2004) . As a result, numerous micro and nanoengineering approaches in combination with presenting specific chemical molecules on them have been used to manipulate in vitro cell-substrate interactions. Nano-topography on engineered surfaces can affect protein adsorption, cytoskeletal arrangement, and cell adhesion as well as spreading (Graeter et al., 2007; Jungbauer et al., 2004) . The effects of nano-topographic features on these cell behaviors have been investigated using a variety of nanoscale patterns, such as columns (Dalby et al., 2003; Dalby et al., 2005) , sharp tips (Choi et al., 2007; Qi et al., 2009 ), pores (Sapelkin et al., 2006 Low et al., 2009) , and dots (Lee et al., 2002; Andersson et al., 2003) . To be noted, in nature, the topographic scale of adhesive protein molecules such as fibronectin, laminin, and collagen fibers is present on the order of nm. Therefore, to biomimic cell adhesion and relative responses in an in vivo condition, cell adhesion surfaces are required to present biocompatible contact sites in a nanoscale dimension with periodicity. Nonetheless, the physical and/ or chemical nature of the interactions between the cell and the surfaces in controlling a specific cell behavior remains unclear.
To investigate cell behaviors on biocompatible and biomimetic conditions in a nanoscale manner, oxidized silicon nanosponge structures coated with different monolayers of functional groups were generated to examine cell responses, such as cell adhesion, organization of the cytoskeleton, and biochemical changes. Our results suggest that our nm-sized topographical biocompatible substrates potentially provide a distinct in vitro environment and thereby facilitating a better manipulation and understanding of cell behaviors that resemble those that occur in an in vivo environment.
Materials and Methods
Surface treatment of oxidized silicon substrates and nanosponges Nanosponges were fabricated on monocrystalline silicon wafers using Ag-nanoparticles (AgNPs) assisted etching (Fig. 1a) (Peng et al., 2006; Chyan et al., 2009) . The wafer was dipped into the 0.01M silver nitrate solution for 5 min. Silver ions (Ag + ) in the solution will reduce on the Si surface because electro negativity of Ag is higher than Si. After formation of metallic catalyst layer, the wafer was immersed in the etchant comprising hydrogen fluoride (HF, 49% wt) and hydrogen peroxide (H 2 O 2 , 30% wt) with the mixture ratio of 3:1 (v/v) for 3 min. The formation mechanism of silicon nanosponges was previously described by Peng et al. (2006) . Both the nanosponges and silicon wafers were oxidized to produce a 20 nm thick silicon dioxide layer atop for biocompatibility enrichment. The wafers were then diced into 1 cm 2 pieces for the tissue culture wells. The organo-silane chemicals used for surface modifications included 3-aminopropyltrimethoxysilane (APTMS) with an amino group (NH 2 ) and perfluorodecyltrichlorosilane (FDTS) with fluorine (F). The above highly pure chemicals (> 96%) were obtained from Alfa Aesar (Ward Hill, MA, USA).
The surfaces of the wafers were hydroxylated by O 2 plasma treatment for 10 min followed by the vapor deposition of silanol groups from the chemical precursors in the vacuum chamber (Fig. 1b) . The reaction pressure can be controlled within a relatively wide range depending on the initial vapor pressure of the precursor used in the reaction but is typically maintained in the range of 0.1 to 50 Torr. A molecular layer was self-assembled on the surfaces by means of a silanol-hydroxyl reaction. The mechanism for the formation of molecular layer has been previously described by Kobrin et al. (2005) . In this experiment, the vapor pressure of FDTS and APTMS was 2 and 2.5 Torr, respectively. The time required for the silanol-hydroxyl reaction of FDTS and APTMS reaction was 15 and 60 min, respectively. Overall, six different substrates in combination with nano-topography and various chemical modifications were generated, including pristine oxidized silicon substrate, FDTS-coated oxidized silicon substrate, APTMS-coated oxidized silicon substrate, pristine oxidized silicon nanosponge, FDTScoated oxidized silicon nanosponge, and APTMS-coated oxidized silicon nanosponge.
Surface hydrophobicity
The surface hydrophobicity of the above substrates was characterized using contact angle measurement on a contact angle meter MD 100SB (Sindatek Instruments Co., Taiwan) with MagicDroplet V1.0d software. A droplet of deionized water (volume = 2 μl) was first placed on the substrates at room temperature, and then the sessile contact angle was determined to derive the hydrophobicity after the droplet was stabilized.
Cell culture
Chinese hamster ovary (CHO) cells were cultured in normal tissue culture T25 flasks or in 100 mm plates (BD; Franklin Lakes, NJ, USA) with Ham's F-12 medium (Invitrogen Molecular Probes, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; HyClone Laboratories Inc., Rockford, IL, USA) and supplemented with 1% glutamine, 1% penicillin, and 1% streptomycin at 37°C in a humidified 5% CO 2 incubator. Cells were trypsinized with trypsin-ethylenediaminetetraacetic acid (EDTA) and re-plated on the aforementioned substrates present in 6-well or 12-well culture plates for two hours to perform cell adhesion and fluorescent staining experiments as indicated. Steam sterilization of these substrates was undertaken prior to cell culture.
Cell adhesion on silicon surfaces
Scanning electron microscopy
The morphology of CHO cells adhered onto the aforementioned substrates was visualized with the scanning electron microscope (SEM) S-4300 (Hitachi, Tokyo, Japan). Briefly, the adhered cells were first fixed in a fixative containing 2.5% glutaraldehyde / 0.1 M PBS at 4°C for 30 min. After washing twice with 0.1 M PBS, the cells were postfixed with 1% osmium tetroxide (SigmaAldrich; St. Louis, MO, USA) at room temperature for 30 min. The cells were then washed twice with PBS, dehydrated through serial gradients of ethanol (10 min for each gradient), and finally dried out by the critical point dryer HCP-2 (Hitachi). The cells along with the substrates were sputtered with gold at a current of 15 mA for 3 min by the ion sputter E-1010 (Hitachi). SEM imaging was conducted at voltages ranging from 5-10 kV.
Laser scanning confocal microscopy (LSCM)
Immunofluorescent staining was performed according to a previous description with a few modifications (Shen et al., 2005) . Briefly, CHO cells were cultured on the aforementioned substrates for 2 h, followed by two PBS washes. The cells were fixed with fresh 4% paraformaldehyde for 15 min at room temperature. After washing with PBS again, the substrates were immersed in 0.1% Triton X-100 in PBS for 10 min to permeabilize the cell membranes. Non-specific binding sites were blocked by incubation with 1% bovine serum albumin (BSA; Sigma-Aldrich) for 30 min at room temperature. Rhodamine-conjugated phalloidin (Invitrogen Molecular Probes) was used to stain the actin filaments, while 4',6-diamidino-2-phenylindole (DAPI; Invitrogen Molecular Probes) was used to stain DNA in the nuclei. After mounting on glass cover slides, all fluorescence images were acquired with a laser scanning confocal microscope (Zeiss LSM 510 META, Göttingen, Germany) equipped with a 10X eyepiece and under a 100X oil (NA 1.4) objective lens.
Cell adhesion assay
A density of 5 × 10 5 CHO cells mL -1 was seeded on the six different substrates for various adhesion time intervals (i.e., 30, 60, 120, and 240 min for short periods; and 4, 24, 48, and 72 h for long periods). The substrates were washed The mechanism of the self-assembled chemicals. Surface treatment began with O 2 plasma treatment for surface hydroxylation, followed by vapor deposition of silanol groups from the chemical precursors. Finally, the reaction between silanol and hydroxyl occurred on the surface, and the monolayer was self-assembled on the surface.
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Cell adhesion on silicon surfaces twice with PBS after an interval of cell culture. The adhered cells were harvested with trypsin-EDTA, and the cell number was counted using a hemocytometer.
MTS assay
Approximately 3 × 10 5 cells were seeded on the indicated substrate chips (at a size of 1 cm × 1 cm) in each well of a 24-well culture plate. The cells were cultured with growing medium containing 10% FBS at 37°C in a humidified, 5% CO 2 atmosphere incubator. At the indicated time, the chips were washed by PBS for three times and were immersed in cultured medium with 20% MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; Promega, Madison WI). The reaction was conducted for 1 h, and the absorbance of 490 nm was recorded. To obtain the viability of each cell, the total MTS was normalized by total cell number attached on the chip surface(s) to present the averaged MTS value of attached cells.
Western blotting
Cell lysates were collected after the CHO cells were replated for 2.5 h on the aforementioned substrates. Equal amounts of whole cell lysates were subjected to SDS-PAGE, followed by western blot analyses using anti-FAK, anti-phospho-Tyr397, anti-phospho-925, and anti-actin antibodies. Cell adhesion on silicon surfaces
Results

Surface characteristics of substrates
The surface morphology and contact angle measurement were employed to determine the surface hydrophobicity of the aforementioned substrates, and the results showed that the contact angles were 29° ±2°, 110° ±3°, 41° ±2°, 1° ±1°, 148° ±4° and 2° ±1° for pristine oxidized silicon substrates, FDTS-coated oxidized silicon substrates, APTMS-coated oxidized silicon substrates, pristine oxidized silicon nanosponges, FDTS-coated oxidized silicon nanosponges, and APTMS-coated oxidized silicon nanosponges, respectively (Fig. 2) . Accordingly, FDTS has given rise to a contact angle of more than 90°, suggesting a hydrophobic property of the coated surfaces. In contrast, surfaces coated with APTMS remained hydrophilic and exhibited a contact angle of less than 90°. As expected, the resultant nano-topography of the surfaces could enhance the hydrophobicity emanating from the surfaced functional groups. In fact, both the pristine and APTMS- 
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coated silicon nanosponges confer extremely low contact angles to water, consistent with the Gibbs surface energy theory (Cassie and Baxter, 1944; Wenzel, 1936; . Additional surface characteristics were elucidated by atomic force microscopy and X-ray photoelectron spectrometer (for more details, please see supplementary data). The surface topographies of oxidized silicon substrates and nanosponges with surface modification were shown in supplementary Fig. 1 . However, due to the shape of AFM tip and the size of nanosponges, surface topography of nanosponges is hard to regenerate. Therefore, surface topography of nanosponges measured by AFM showed some artifacts compared to SEM images (supplementary Fig. S1c and  d) . Nevertheless, as shown in supplementary Fig. S1 , the surface topography did not exhibit significant changes after surface modification. Moreover, to confirm if the chemicals could be successfully coated on the substrates, we employed XPS to examine this (supplementary Fig. S2 ).
In the case of FDTS-coated oxidized silicon substrate/ nanosponges, the XPS measurement showed strong peak at 696 eV, indicating the presence of the fluorine-containing molecules of FDTS on the substrate (supplementary Fig.  2a) . As for the APTMS-coated oxidized silicon substrate, the N1s signal, shown in supplementary Fig. 2b , has two peaks centered at 399.6 and 401.3 eV, indicating the presence of the nitrogen-containing molecules of APTMS on the substrate. The peak at 399.6 eV was assigned to the nitrogen in the free amino groups and that at the higher binding energy was taken to indicate hydrogen-bonded amine or positively charged quaternary nitrogen of the form -NH 3 + .
Morphology of CHO cells on different substrates
To characterize how CHO cells interact with the aforementioned substrates, the cells were cultured on 1 cm 2 oxidized silicon substrates and nanosponges with or without APTMS/FDTS on top (Fig. 1) . After re-plating for 2 h, the morphological appearances of the adhered CHO cells were imaged by SEM (Fig. 3) . The CHO cells on the pristine oxidized silicon substrates appeared similar to those on the normal culture dishes (Fig. 3a) . Intriguingly, on the pristine oxidized silicon nanosponges shown in Fig.  3d , the CHO cells stretched out and extended radial nanospikes from the cell edges, although they were prominently visualized as having a rounded-up shape. In contrast, in Fig. 3b and 3e , while CHO cells were cultured on the FDTS-coated substrates, nanospikes were no longer visualized despite the cells having a rounded-up shape and being relatively smaller in overall size. On the APTMScoated substrates, CHO cells were rather spread with no or shorter nanospikes on the pristine and nanosponge substrates respectively (Fig. 3c and 3f) . The cells might spread up to 100 μm in size on the APTMS-coated substrates (Fig. 3c) , and this effect is attributed to the chemical properties of the NH 2 + functional group of APTMS (Webb et al., 2000) .
To illustrate the course of cell adhesion in a time dependent manner, CHO cells were imaged after a culturing duration of 30, 60, 120 and 240 min. Fig. 4 shows the morphology of cells on the pristine oxidized silicon substrates and nanosponges at a magnification of 4.5 K (insets are at 65 K). The enlarged contact area of the adhered cells, in association with the enhanced spreading, was found on the pristine oxidized silicon substrates at prolonged culturing periods. In accordance with the above observation, the contact sites of the cells on the pristine oxidized silicon substrates increased from several hundred nm after the first 2 h, to several micrometers after another 2 h (Fig. 4a-30 to 4a-240) . Although the pristine oxidized silicon substrates resulted in a marked flattened cell morphology, the cells on the pristine oxidized silicon nanosponges appeared to be rounded-up and were accompanied by a moderate increase in the contact area. Noticeably, there were numerous nanospikes emerging from the rounded-up cell bodies attached onto the surface nanorods of the oxidized silicon nanosponges, which may provide a physical support for cell adhesion onto the oxidized silicon nanosponges. Indeed, this phenomenon was exclusively observed in cells that had adhered onto the oxidized silicon nanosponges, since it is only visualized as a "glue-like" membrane extension on the pristine oxidized silicon substrates (insets in Fig. 4a -60 and 4b-60).
Cell cytoskeleton on different substrates
The effects of nano-topography on cytoskeleton orientation and focal adhesion formation have been correlated to the shape and adhering nature of cells in response to specific extracellular environments (Chou et al., 1995) . In light of the distinctive morphologies, as described above, we promptly examined the actin cytoskeleton organization of CHO cells, that had adhered to the aforementioned substrates, by means of immunofluorescent staining using Rhodamine-conjugated phalloidin. As shown in Fig. 5a , the distribution of actin filaments (stress fibers) were predominantly across the center of the cell bodies cultured on the pristine oxidized silicon substrates, similar to that observed on ECM-coated glass coverslips (data not shown). However, the CHO cells cultured on the pristine oxidized silicon nanosponges displayed F-actin that was primarily clustered in a punctuate manner, which might represent the contact sites of the cell-extracellular nanotopography, as indicated by the arrows in Fig. 5d . Cortical actin bundles predominantly appeared at the peripheries of the cells, consistent with a less-spreading and roundedup morphology. These results suggest that a potential restriction of actin polymerization in one direction occurs when cells encounter nanoscale contact sites on the oxidized silicon nanosponges, rather than an actin fiber network connected by a 70° angle at the leading edge of the adhered cell membrane on the pristine oxidized silicon substrates (Blanchoin et al., 2000; Mullins et al., 1998) . It should be noted that the restriction of actin polymerization in one direction, opposite to the nanoscale contact sites, was not influenced by the surface chemistry, since it remained markedly displayed in the cells that had adhered to the oxidized silicon nanosponges coated with either FDTS or APTMS (Figs. 5e and 5f) compared with the oxidized silicon substrates (Figs. 5a-c) . Taken together,
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Cell adhesion and viability on different substrates over time
To explore the time-dependent characteristic of the aforementioned substrates on cell adhesion, cell adhesion assays were performed by re-plating CHO cells at various time intervals (i.e., 30, 60, 120 and 240 min). Cell adhesion was measured by counting the retained cells on the substrates after the PBS wash as described in Materials and Methods. Statistical calculation derived from five repeated experiments shown in Fig. 6a demonstrated that cell adhesion rapidly increases in association with a prolonged re-plating period up to 240 min. The enhancement of cell adhesion was obviously observed in a prominent increase on the nanosponges than on the pristine oxidized silicon substrates (i.e., planar). Neither of the two-type chemical coated substrates led to the promotion of cell adhesion when compared to their pristine counterparts, on which cells rather remain unaffected or suppressed. Interestingly, of all of the tested substrates, cell adhesion was hardly seen on the FDTS-coated pristine oxidized silicon substrates or nanosponges. These results implicate that the physical property of the nano-topography is a predominated factor in the stimulation of cell adhesion, whereas the effects by chemical are dependent on specific chemical properties. Consistently, the nanosponges rather than the surface chemical nature recapitulate a similar consequence of cell attachment in cell viability of average adhered CHO cells on them by MTS measurement (Fig.  6b) , suggesting a predominant effect of the nanotopography in cellular and physiological functions. Likewise, we found that the distinctive surface chemical property of substrate enables resulting in the discrepancies of cell viability.
Biochemical insights
Focal adhesion kinase (FAK) is a 125 KDa cytoplasmic tyrosine kinase that plays a key role in integrin-mediated signal transduction pathways in response to cell adhesion, migration, proliferation, and so on (Cary and Guan, 1999; Schlaepfer et al., 1999) . Upon integrin engagement with ECM molecules, FAK is translocated to focal contacts and autophosphorylates at its own Tyr-397 (Cary and Guan, 1999; Schlaepfer et al., 1999) . The activation of FAK is followed by its association with a number of SH2 (Src homology 2) domain containing signaling proteins, including Src family kinases (Cobb et al., 1994; Schaller et al., 1994) , the p85 regulatory subunit of PI3K (Chen and Guan, 1994) , phospholipase C-γ (Zhang et al., 1999) , and Grb7 (Han and Guan, 1999) . The formation of the FAK/Src complex has been demonstrated to allow the phosphorylation of Y925 of FAK by Src, which binds to the SH2 domain of Grb2 and relays FAK signaling to the MAP kinase cascade, by which FAK enables promoting cell cycle progression . To further explore the effect of the interaction between CHO cells and the aforementioned substrates, we conducted biochemical analyses. As a represent result shown in Fig. 7 , focal adhesion kinase (FAK), a key signaling protein tyrosine kinase downstream of the cell- Fig. 7 . Biochemical analyses of focal adhesion kinase (FAK) on the various functionalized substrates. CHO cells were re-plated on the various functionalized substrates for 2.5 hours, and lysates were collected for western blotting using antibodies as indicated. The phospho-Tyr397 and phospho-Tyr925 were detected to determine the potentially activated signaling events related to cell adhesion and cell proliferation. Total FAK and actin blots were used as controls. The representative figure selected from three independent experiments was shown.
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Cell adhesion on silicon surfaces Fig. 8 . The relationship between the cell attachment (A), or average viability of the attached cells, (B) at the long period of cultured time (4, 24, 48 and 72 h) on the pristine oxidized silicon substrates and the nanosponges. The mean +SD from at least three experiments is shown. *P < 0.01; **P < 0.05. All of the P values were compared between the pristine oxidized silicon substrates and the nanosponges at the same time points.
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ECM adhesion receptor family called integrins, was examination for its phosphorylation status at Tyr-397 and Tyr-925, which are known important phosphorylated sites on FAK in mediating cell migration and/or proliferation, respectively. We found that the phospho-Tyr-397 of FAK was significantly elevated on the pristine oxidized silicon substrates and the pristine oxidized silicon nanosponges, but moderately on the APTMS-coated oxidized silicon substrates. Unexpectedly, the phoshpo-Tyr-397 was not observed on the APTMS-coated oxidized silicon nanosponges. As mentioned previously, the increase of phospho-Tyr-397 of FAK is associated with activation of integrins in response to cell adhesion with ECM molecules (Cary and Guan, 1999; Schlaepfer et al., 1999) . However, its levels were moderate or absent on both APTMS-coated substrates, even though, as revealed in Fig. 3 , the cells were extensively spread on these APTMS-coated substrates. Therefore, we hypothesized that cell adhesion mediated by APTMS might occur independently of integrins. However, the elevated phospho-Tyr-925 was only seen on the pristine oxidized silicon substrates but not on other substrates. This finding suggests that silicon nanosponges might be unable to promote cell proliferation but retain an efficient survival rate for cells. Indeed, we found that attached cell number is similar between the pristine oxidized silicon substrates and nanosponges over a long period culture (i.e., 4, 24, 48 and 72 h; Fig. 10a ) whereas cells on silicon nanosponges exhibited higher viability of each attached cell than on the pristine oxidized silicon substrates in a long term culture condition (Fig.  8b) . Together, these results implicate that, in addition to remaining an attachable substrate, the nanotopography supports a better cell viability than planner structure substrates.
Discussion
Microenvironmental cues direct a number of cell functions, such as adhesion, growth, survival, proliferation, migration, differentiation, and cell death. Through physical interactions between cells and these surrounding cues/ surfaces, some changes in morphology, biochemistry, and physiology occur so that the cells can adapt to an appropriate situation and behavior in the presence of specific extracellular conditions. In the present study, we generated a biomimetic 3D oxidized silicon nanosponge substrate and demonstrated that cells can adhere to and can be maintained on this substrate. By analyzing the cell morphological appearance, biochemical changes, and by performing functional characterizations of the oxidized silicon substrates and the oxidized silicon nanosponges in combination with FDTS or APTMS chemical modification, we depicted the merit of the oxidized silicon nanosponges for understanding the responses of cells in contact with nanoscaled surfaces and for biomimicing the in vivo nanoscale environment for bioengineering applications. Filopodia are slender, fingerlike membrane projections that function as antennae for cells to probe their environment. Therefore, the filopodia stretch out from the edge of the cells, attaching onto extracellular surfaces through the formation of adherent structures. These filopodia-like structures are markedly visualized when cells were cultured on the pristine oxidized silicon nanosponges, as shown in figure 3d . However, they were no longer seen on FDTS-coated substrates. Indeed, numerous studies have investigated how surface wettability and charge may influence cell adhesion, shape, and spreading ( Van der Valk et al., 1983; Webb et al., 1998; Webb et al., 2000; Arima and Iwata, 2007) , suggesting that enhanced cell spreading occurs on hydrophilic surfaces rather than on hydrophobic surfaces. Our data showed that cell morphology varied with the surface hydrophobicity (correlated to wettability); however, no direct relationship between cell spread and the topography of the substrates was apparent (Fig. 5) . In other words, when the surface was coated with functional groups, the cell shape on different topographies was quite similar. However, in the absence of functional groups present on the substrates, the surface topography influenced the cell behavior (Fig. 5a and 5d) . These data indicate a dominant role of the chemical properties of contact surfaces in directing cellular behaviors, or at least cell adhesion.
Previous reports have demonstrated that when cells adhere onto anisotropic structures, most of the cells are elongated and preferentially follow along the structures. This phenomenon is called "contact guidance", and it occurs in different cell types, such as macrophages, epithelia, fibroblasts, and neuronal cells (Flemming et al., 1999; Bromberek et al., 2002; Teixeira et al., 2003) . The chemical nature of the substrate is also important for eliciting contact guidance, because cells cultured on substrates with different chemical compositions confer an impetus to the topography-mediated contact guidance (Bromberek et al., 2002) . In contrast, in certain studies, contact guidance was shown to be independent of the surface chemistry but is affected only by the architectures of the substrates (Den Braber et al., 1995) . As a result, these studies indicate that contact guidance intimately depends on the length scale of the topographical features of the cell culture substrates (Dunn and Health, 1976; Clark et al., 1987) . In the present study, cell spreading onto the APTMS-coated oxidized silicon nanosponges was found to be enhanced in comparison with the pristine ones. Noticeably, the overall cell adhesion onto the APTMScoated oxidized silicon nanosponges was independent of integrins due to fact that the phospho-Tyr-397 was not increased. In addition, we observed that less actin stress fibers were formed in the cells adhered onto the APTMScoated oxidized silicon nanosponges. Instead, a number of contact punches between the cell membrane and the nanoscale surfaces of the oxidized silicon nanosponges were predominantly observed, suggesting that the physical topographical features of the oxidized nanosponges are relatively important attribution for this "contact guidance". The physical characteristics of the surface used for the oxidized silicon nanosponges that affect the contact guidance are currently under investigation. Nevertheless, the nanoscale surface of the oxidized silicon nanosponges may provide an in vivo biomimicing surface for understanding the interactions between cells and ECMs.
One of major challenges in developing tissue engineered devices is how to culture cells on synthetic
Cell adhesion on silicon surfaces materials in vitro by directing their differentiated properties and functions. Previous studies have proposed that the intrinsic effects of cell spreading, shape, and cytoskeleton organization on cell differentiation might be closely correlated to the cell's external surroundings (Singhvi et al., 1994; Evans et al., 2009) . For example, muscle cells are slender and usually show specific direction in vivo but exhibit no specific direction in in vitro culture conditions. Therefore, our oxidized silicon nanosponges can probably be used to replace the complicated setting employed for bioengineering scaffolding in the future. In addition, our preliminary result also showed that the nanosponges could lead to a better viability in human corneal epithelial cells (HCECs), a primary human cell line derived from human corneal epithelial cells, in comparison with pristine oxidized silicon substrates (unpublished data). In summary, the differential responses of CHO cells on the various oxidized silicon substrates are compared in Table 1 and can be described as follows. First, cell adhesion is mainly determined by the surface hydrophobicity, although the cells may tend to adhere to hydrophilic surfaces rather than to hydrophobic ones. Surface hydrophobicity primarily depends on the functional groups of the surfaces, while the surface nano-topography pushes the surface hydrophobicity to the extreme. Second, a distinct morphology, flattened versus rounded, has been observed on either the oxidized silicon substrates or on the oxidized silicon nanosponges, corresponding to the presence of central stress fibers on the hydrophilic surfaces (i.e., pristine and APTMS-coated oxidized silicon substrates) rather than on the hydrophobic ones with much cortical stress fibers (i.e., FDTS-coated substrates), where a large number of cortical stress fibers was apparent. Interestingly, on the pristine oxidized silicon nanosponge, the cells retained, to some extent, a rounded shape with significant cortical stress fibers and detectable central stress fibers, suggesting an extended regulation of cell morphology by a combination of physical and chemical characteristics. Additionally, the oxidized silicon nanosponges give rise to some marked cytoskeletal organizations displayed as nano-actin punches and slender actin fiber protrusions from upper cell surfaces, the dimensions of which are similar to the nanorods of the oxidized nanosponges, onto the nano-contact sites between the cells and the extracellular surfaces (i.e., various types of ECMs). Third, both the oxidized silicon substrates and nanosponges can provide an environment for cell survival. In agreement with the activation of FAK, its phosphoTyr397 is elevated while CHO cells are cultured on both the oxidized silicon substrates and nanosponges. However, the phospho-Tyr925 of FAK is not obviously augmented on the nanosponges.
Conclusions
Our newly developed nano-topographic oxidized silicon nanosponges provide more flexibility in manipulating cell morphogenesis and understanding the biochemical, physiological, and functional responses of a cell in a biomimicing environment in vitro. In particular, we unravel the close relationships for cell adhesion and hydrophobicity as well as the cell morphological regulation and nanotopography of contact surfaces. Accordingly, the utilization Table 1 . An overview of the effects of CHO cells cultured on the various functionalized substrates.
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of nano-topographic oxidized silicon nanosponges in bioengineering is expected to be beneficial to complex tissue manipulations.
